INTRODUCTION
The purpose of this map is to show the location of selected spatially associated positive magnetic and gravity anomalies in the eastern United States, and the spatial relationship of these anomalies, which we infer to represent mafic and ultramafic bodies, to seismically active areas. The geophysical anomalies are present in all physiographic provinces except the Valley and Ridge Province ( fig. 1) , and earthquake epicenters are present in all provinces, but there are few places where the anomalies are within 10 km of the epicenters of earthquakes with body wave magnitudes larger than 5.5. More major earthquakes are within 10 km of the centers of positive anomalies than are clusters of smaller earthquakes. Other major earthquakes occur at the edges of the plutonic complexes that contain the mafic bodies, and these complexes may be as large as several tens of kilometers in diameter.
This map is one product of a study of the possible causal relationship between incompletely cooled mafic (includes ultramafic) plutons and major historic earthquakes in the eastern United States. The hypothesis was suggested by McCartan and Gettings (1991) to explain major earthquakes such as the one in Charleston, S.C. in 1886, for which no large fault has been found. The concept is outlined at the end of this text, and the theoretical basis for the idea, which is a modification of Kane's (1977) holein-the-plate concept, is presented by Gettings (1988) .
MAFIC BODIES
The map shows the location of 348 discrete shallow mafic and ultramafic bodies inferred from coincident magnetic and gravity anomalies in the eastern United States. A minimum magnetic anomaly diameter of 10 km was chosen because it spans an area that can easily be seen on the l:2,500,000-scale map but is small enough to discriminate a large number of mafic bodies. Also, only plutons larger than 10 km in diameter could be related to major earthquakes (McCartan and Gettings, 1991) . Most of the mafic bodies were located by visually identifying the center of the local maximum closed contour on the magnetic anomaly map that coincides with or is near an anomaly on the gravity anomaly map (Bouguer on land, free-air over water), registered to the magnetic anomaly map. A 10-kilometer (at 1:2,500,000 scale) circular template was placed over the closed contours on the magnetic map to estimate the size of smaller coinciding anomalies. The two geophysical maps were plotted from digital tapes (Godson and Scheibe, 1982; Godson, 1986) . Index numbers assigned to the mafic bodies, latitude, longitude, state, county, physiographic province, and proximity to seismically active areas are given in table 1.
The magnetic anomaly map was used as the main location reference because it is more detailed. Because the magnetic anomalies on the map have not been reduced to the magnetic pole, many are slightly offset from their true geographic localities; for many mafic bodies, the gravity anomaly nmy be a better geographic reference point (figs. 2A, 3A, and 4A). Geomagnetic latitude is the main cause of the offset in magnetic anomalies. Remanent magnetization may also be an importan* factor in offset of some of the mafic bodies. An approximation of the true geographic location of the point on the earth's surface which is above the center of such a mafic body can be made by reducing the associated magnetic anomaly to the north magnetic pole. This has been done for three areas in the southeastern United States: the New Madrid, Mo., area ( fig. 2B ), parts of South Carolina and Georgia ( fig. 3B ), and east Texas and western Mississippi ( fig. 4B ). The magnetic pole calculations were based on the 1985 declination and inclination at the center of each area (Peddle and Zunde, 1988a,b) . In each area, the center of the magnetic anomalies moved northward and changes in the shapes of contours appeared (compare figs. 2B, 3B, and 4B with 2A, 3A, and 4A).
The associated gravity anomalies, which are not affected by the magnetic anomaly shift, can be used as reference points on both sets of figures. The original offsets between gravity and magnetic anomalies and the offsets after reduction to the magnetic pole, are given in table 2. Improvement of fit between the anomalies occurred in eight of the nine cases considered. Although improvement of the magnetic anomaly localities in the three sample areas does not put them in more se'smically active categories status, some of the other localities on the map would probably change.
Not all magnetic anomalies have been identified by the process described above. The magnetic and gravity data sets are an amalgamation of data collected over many years at different intervals by several organizations using different types and grades of equipment. Digitization of the original signals was also accomplished in several ways. Some mafic bodies were probably missed in areas with relatively poor original or digital data. Additional mafic bodies can also be inferred by slightly different interpretation of the existing data.
For example, detailed geophysical data for the areas near Charleston, S.C. (J.D. Phillips, U.S. Geological Survey, written commun., 1985) and New Madrid, Mo. (Braile and others, 1982; Hildenbrand and others, 1982) reveal several mafic bodies other than those shown here. Even without more detaifed geophysical data, additional mafic bodies can be inferred in the Charleston area from the deflection of magnetic contours over gravity highs ( fig.  3B ). In the New Madrid area, the delineation of oth^r mafic bodies at 1:2,500,000 scale requires the use of a lower local magnetic datum than used here ( fig. 4B ) or a smaller contour interval. Still other bodies may be present but are undetectable in areas of thin crust, where small anomalies would be hidden in the characteristically large positive gravity anomalies of regie nal extent, or beneath thick sedimentary cover, which is typical'/ indicated by broad, negative gravity and magnetic anomalies. Thick sedimentary sequences are present in several offshore basins on the Atlantic continental margin and under much of the Gulf Coastal Plain.
Several Proterozoic and Paleozoic plutonic complexes in the Appalachian orogen have been geologically and isotopically dated (Sinha and Zietz, 1982; Sinha, 1988) . Some of the complexes contain both gabbroic and granitoid rocks and were emplaced during more than one erogenic period (Sinha, 1988) . The ages of such complexes determined on outcrop samples should be considered maximum ages; younger intrusives may be present in deeper parts of the complexes. At least one multiphase, postorogenic igneous complex is present in the Appalachian orogen (Gray and Gottfried, 1986) . At that locality in Highland County, Va., both Cretaceous and Tertiary igneous activity have been noted (Fullagar and Bottino, 1969; Gray and Gottfried, 1986) .
We speculate that other multiphase plutonic complexes in the eastern United States outside the Appalachian orogen contain some postorogenic igneous bodies despite significant regional compression for the last 100 m.y. (Zoback and Zoback, 1980; Mixon and Newell, 1977; McCartan, 1989) . High heat flow and Tertiary uplift in the vicinity of some of the inferred mafic bodies suggest Tertiary intrusion of mafic magma in the crust beneath the Charleston and New Madrid areas (McCartan and Gettings, 1985) . Only incompletely cooled mafic plutons are hypothesized to have caused historic earthquakes (McCartan and Gettings, 1991) .
SEISMICITY
The most widely felt earthquakes in U.S. history occurred in 1811-1812 at New Madrid, Mo., and in 1886 at Charleston, S.C. Because many small earthquakes have also occurred in the two areas, as well as in the vicinity of other major eastern U.S. earthquakes, we infer that clusters of small earthquakes may reflect conditions favorable to the occurrence of larger earthquakes in some places.
On the map, epicenters of medium body-wave magnitudes (5.5-6.4 mb) and large (^6.4 mb) earthquakes are shown by black triangles and squares, respectively; clusters of two or more epicenters of small earthquakes (^5.5 mb), where adjacent events are within 10 km, are outlined in black. Hundreds of other small earthquake epicenters that are more isolated are not shown on the map. For purposes of this discussion, a seismic area is defined as being within 10 km of a major (medium or large) earthquake epicenter, or a cluster of small earthquake epicenters. All other areas could be described as aseismic, but mafic bodies within 10 km of single epicenters of small earthquakes are noted on table 1. All instrumentally recorded earthquakes were included in the original data base, along with selected major felt earthquakes for which intensity data were reclassified into the three body-wavemagnitude categories. Seismicity that may have been induced by reservoir filling or deep well injection is noted on the map.
One of the questions raised in this study is whether or not historic earthquakes occur in the same areas and with the same range of magnitudes as previous earthquakes. If they do, then the causes of major earthquakes can be sought in relatively small areas, and the geologic circumstances can be inferred to be special rather than general. If evidence suggests that large, prehistoric earthquakes occurred in areas other than those known already, then more general circumstances must be invoked to explain the cause of major earthquakes in the eastern U.S., and larger areas must be considered at risk.
The catalog of historical seismicity covers about 350 years in the eastern U.S. The inclusion of reliable geologic evidence of earthquakes, such as liquefaction features (particularly sand blows), permits extension of the catalog to about 200,000 years. Detailed surveys of such features in the midcontinent and the southeast have shown that large sand blows, which record large earthquakes, have been found in the New Madrid and Charleston areas (Obermeier, 1984, Obermeier and others, 1985) . The surveys, conducted over thousands of square kilometers, show decreasing sand blow size and frequency away from the major earthquake epicenters. Sand blows associated with major historic earthquakes in New England have also been reported (Turtle and Seeber, 1989) .
Dating of peat and humate layers disrupted in Charleston area sand blows by 14C suggests that a major earthquake has occurred there about every 2,400 years (Obermeier and others, 1987) . Datable materials have not been found near New Madrid, but a prehistoric date on a sand blow within one of the historic meizoseismal sites in Massachusetts implies multiple major events there. Considering the abundance of large sand blows near New Madrid and Charleston and their decreasing size and frequency away from these two major seismic centers, we conclude that large, late Quaternary earthquakes did not occur within the two regions outside of the meizoseismal zones. Sand blows have not been reported from some of the large earthquake centers in the eastern United States (see Kane, 1977 , for localities of largest earthquakes), but the unconsolidated materials necessary for sand blow formation are not abundant everywhere. On the other hand, although most of the lower parts of the Atlantic and Gulf Coastal Plains are covered by unconsolidated sand, only one occurrence of multiple large sand blows has been reported outside the Charleston and New Madrid areas (Obermeier and others, 1989, 1991) . Based on the present somewhat incomplete data base, it appears that large earthquakes are generally unlikely to occur outside the major historical earthquake zones. Furthermore, there is something geologically unique about the areas that favor major earthquakes.
THE RELATIONSHIP BETWEEN MAFIC BODIES AND SEISMICITY
The association between seismicity and mafic bodies in the eastern U.S. is weak (table 1), although a close spatial relationship between major earthquakes and mafic bodies can be demonstrated (Kane, 1977) . The centers of only 9 percent of the 348 mafic bodies on the map are in seismic areas (within 10 km of major earthquake epicenters or a cluster of two or more small earthquakes), and 6 percent of the 237 seismic areas on the map contain mafic bodies. Another 9 percent of the mafic bodies are within 10 km of epicenters of single small earthquakes, areas categorized as aseismic in this report. Of the 12 medium and large events shown, three (25 percent) are within 10 km of the centers of mafic bodies and nine (75 percent) are within 50 km. The other three are more than 100 km from mafic bodies. Of the six major earthquake areas in the eastern U.S. considered by Kane (1977) , Charleston and New Madrid are within 10 km of mafic plutons and the seismic areas in eastern Massachusetts and northern New York are within 50 km of mafic plutons. The other two areas, shown on this map as clusters of smaller events in western New York and western Ohio, are within 10 km and 50 km of mafic bodies, respectively. Thus, the present study is in almost complete agreement with Kane's (1977) analysis.
In Charleston and New Madrid, the mafic bodies spatially associated with ongoing seismicity are also associated with relatively high heat flow; a causal relationship may exist between warm plutons and seismicity (Gettings, 1988; McCartan and Gettings, 1991) . Thermal anomalies are significant because, unlike granitoid rocks, few mafic bodies have a large enough proportion of radioactive minerals to create high heat flow. If we have correctly interpreted coinciding gravity and magnetic anomalies as representing mafic bodies, those with high heat flow must be in either a partly magmatic or incompletely cooled crystalline state. In order to assess the regional association of seismicity and mafic bodies, major seismic events and clusters of smaller events were plotted on the map.
CONCLUSIONS
Several hundred discrete mafic bodies occur in the eastern United States, mainly in the upper crust. The centers of a few of these bodies are within 10 km of the epicenters of major historical earthquakes or earthquake clusters, but most earthquakes in the eastern U.S. are not spatially related to mafic bodies discernible at a scale of 1:2,500,000. Earthquakes larger than 5.5 mb have a higher correlation to mafic bodies. A.K., Hewitt, D.A., Tracy, R.J., eds, Frontiers in petrology, a effects and geological constraints, in Jacob, K.H,, and Turkspecial volume of the American Journal of Science (v. 288-A) stra, C.J., eds., Earthquake hazards and the design of conin memory of David R. Wones: ix-xii and 2 preceding structed facilities in the Eastern Table 1 
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